We studied the fine structure and ultracytochemical features of microvessels of both normal rat cerebrum and brain tumors transplanted into rats. Ultrastructurally, the endothelial cells of the tumor vessels showed alterations, compared to those of normal vessels, such as attenuation, thickening, and/ or abnormal endothelial junctions. In the control rats, an ultracytochemical study revealed alkaline phosphatase (AlPase) and adenosine triphosphatase (ATPase) activities were located mainly on the luminal plasma membrane of the endothelial cells, and 5'-nucleotidase (5'-N) activity on the abluminal plasma membrane. In the transplanted brain tumors, the sites of AlPase and 5'-N activities were similar to those of the controls, but the extent of the reactions on the abluminal and luminal mem branes of the endothelial cells was greater. ATPase activity occurred mainly on the luminal plasma membrane of the endothelial cells in the controls, and on the abluminal membrane in the transplanted brain tumors. The number of pinocytotic vesicles showing positive reactions for AlPase, 5'-N, and AT -Pase was not higher in the tumor vessels than in the normal vessels. The redistribution of membrane enzymes in the endothelial cells of the transplanted brain tumors is presumed to be related at least part ly to the changes in the endothelial junction.
Introduction
It is generally accepted that the endothelial cells of cerebral microvessels constitute a structural and func tional barrier between blood and brain parenchyma (blood-brain barrier, BBB),23,30> and several mechanisms supporting the BBB have been postu lated. 6, 17, 18, 27, 30) Cytochemical4, 17, 20, 22) and biochemi cal 9,40) studies have shown cerebral microvessels to be rich in some phosphatases, and these enzymes are considered partly responsible for the control of transport across the plasma membrane of endothe lial cells (enzymatic barrier). 13, 17, 33, 37, 38) 
I. Tumor transplantation
Ten Sprague-Dawley rats of both sexes, weighing between 280 and 320 g, were anesthetized by intra peritoneal administration of sodium pentobarbital at 3 mg/kg body weight and were fixed on to a stereotac tic apparatus. The heads were shaved and cleaned with hibitane, and incised for about 2 cm in the midline with a razor blade. The skull was exposed and a 1 mm diameter burr hole was drilled 1.5 mm lateral to the midline and 1.5 mm caudal to the cor onal suture. 30 microliters of growth medium con taining 8 X 105 cultured rat glioma cells (RGC 6)`'' were injected through the burr hole into the right hemisphere to a depth of 4 mm below the dura mater via a 250 µl-syringe with a 21-gauge needle. Upon withdrawal of the needle, the hole was plugged with Aron Alpha A and the scalp was closed with clips. The animals recovered within 1.5-3 hours postopera tively.
II. Tissue preparation for light microscopy and ultracytochemistry At 15, 16, 17, 20 , and 24 days after inoculation, the animals with transplanted brain tumors, as well as 6 normal controls of both sexes weighing 250 to 350 g, were killed via a 10-minute vascular perfusion of saline solution followed by a mixture of 2% paraformaldehyde and 2% glutaraldehyde in a 0.1 M cacodylate buffer (pH 7.4) at l°-5°C. After fixation the brains were removed, coronally sectioned, and all placed in the same fixative for 20 minutes. For light microscopy, tumor-containing samples were embedded in paraffin and sections 4,um in thickness were stained with hematoxylin and eosin, with cresyl violet, or with Luxol fast blue.
For ultracytochemistry, coronally-sectioned brains were cut at a thickness of 40,um on a Vibratome (Oxford Laboratories, California). These sections were rinsed for 5 hours in an ice-cold 0.1 M caco dylate buffer containing 8% sucrose (pH 7.4) and transferred to a substrate solution for detection of alkaline phosphatase (AlPase), 5'-nucleotidase (5'-N), and adenosine triphosphatase (ATPase) activities. The preparations were incubated at 37'C, for 15 minutes in the medium described by Mayahara et a1.19' for AlPase; for 30 minutes in the medium developed by Uustitalo and Karnovsky35' for 5'-N; and for 30 minutes in the medium described by Wachstein and Meisel39' for ATPase. The control samples were incubated in a medium containing 2.5 mM levamisole for AlPase, 1 mM NiCI2 for 5'-N, and 6 mM NaF for ATPase, and also in a substrate free medium for all 3 enzymes. After incubation, the tissues were postfixed with 1%O504, rinsed with 0.1 M cacodylate buffer for 1 hour, dehydrated in graded ethanol, and embedded in Epon 812. One micrometer sections were examined by light microscopy; ultrathin sections were cut on a Sorvall MT5000 microtome and examined unstained with Hitachi HS-9 and JEM 100S electron microscopes. Reaction products were also found on the surfaces of the periendothe lial cells and in the basement membrane area. Bar= 2 um, x 19,000. E: A tumor microvessel (Type 4). Reaction products were present on the abluminal surfaces of the endothelial cells, at the junctional area, and in the pinocytotic vesicles. Bar=2 um, X30,000.
AlPase: The reaction products of AlPase were deposited on the plasma membrane of the endothe lial cells of capillaries and microvessels of the control rats. 44% of cerebral vessels were Type 2 ( Fig. 2A,  B ) and 31 % were Type 4 (Fig. 1) . Pinocytotic vesicles exhibiting positive reactions were common at the luminal and abluminal surfaces and/or in the en dothelial cytoplasm (Fig. 2B) . The reaction products were also deposited on the plasma membranes of pericytes, smooth muscle cells, and astrocytes adja cent to the basement membrane of the vessels ( Fig.  2A, B) . There was no difference in the distribution of enzyme activity in the vessels ranging from 4 to 40 ,um in diameter.
The sites of AlPase activity in the tumor vessels were similar to those in the controls (Fig. 1) . However, the reaction products were as often deposited on the abluminal surface of the endothelial cells near the endothelial junctions as on the luminal surface (Fig. 2C) . We also found vessels showing reaction only on the abluminal side (Fig. 2E ). Pinocytotic vesicles were abundant in some areas (Fig. 2D ), but the number showing a positive reac tion was not increased compared to the controls.
Some tumor cells had undergone very extensive reac tion on the plasma membranes. Weak reaction or no reaction occurred in control sections that had been incubated in the medium lack ing substrates and that containing levamisole. A: This capillary of a con trol rat shows reaction products on the luminal surface of the endothelial cell (Type 2). Bar=2µm, X23,000. B: A tumor microves sel (Type 4). Reaction products were deposited on the abluminal surface of the endothelial cell. The tumor cell showed reactivity at its surface and in the pinocytotic vesicles.
Bar= 1 um, x 11,000. C: Some pinocytotic vesicles in the endothelial cells and the endothelial junctional area were reactive.
Bar= 3,um, X28,000.
5'-N: In control rats, the plasma membranes of the endothelial cells of cerebral microvessels were rich in this enzyme. The sites of 5'-N activity were different from those of AlPase (Fig. 1) . The strongest reaction occurred primarily on the abluminal plasma membrane of the endothelial cells (Type 4) (Fig. 3A) . Many pinocytotic vesicles within the vascular endo thelial cells showed a positive reaction. Reaction products were sometimes found in the basement membrane region and on the plasma membrane of some pericytes abutting the basement membrane. The plasma membrane at the perivascular foot proc esses of astrocytes also reacted positively. There was no difference in the distribution of 5'-N activity among vessels ranging from 4 to 40,um in diameter. The myelin sheath surfaces also showed reactivity.
In the tumor sections, reaction products were found on the plasma membranes of some tumor cells, in the widened extracellular spaces, and in the walls of microvessels. Although the distribution and quantity of reaction products on the plasma mem brane of endothelial cells varied, the pattern of vascular enzyme activity was different from that of control animals ( Fig. 1) (p<0.001, XZ test) . The en zyme activity was generally weak in the tumor vessels, and the percentage of Type 4 vessels (Fig.  3B ) was low. The number of pinocytotic vesicles showing a positive reaction was relatively small. The amounts of reaction products on the plasma mem branes of pericytes and periendothelial smooth mus cle cells were variable.
Brain tissue of control rats that had been in cubated in a medium containing NiC12 and no substrate reacted weakly or not at all.
ATPase: The reaction products of ATPase in the controls were located on the plasma membranes of vascular endothelial cells and of some astrocytes. 55% of cerebral microvessels were Type 2 (Fig. 4A ) and 33% were Type 4 (Fig. 1) . Many pinocytotic vesicles within the endothelial cells showed a positive reaction. The basement membrane area of the vessels showed enzyme activity. The reaction products were sometimes found on the luminal and, more often, on the abluminal plasma membranes of pericytes. The astrocytic plasma membranes abutting the basement membranes of vessels occasionally showed reactivity.
The pattern of vascular enzyme activity in the tumor sections was significantly different from that in the controls (Fig. 1) (p<0.001, x2 test) . The mag nitude of reactivity on the abluminal plasma mem brane of endothelial cells was comparatively high, and there were vessels exhibiting activity only on the abluminal membrane (Fig. 4B, C) . The percentage of non-reactive Type 1 vessels was higher than that of controls, whereas the percentages of Type 2 and Type 4 vessels were 33% and 51 %, respectively. The number of reactive pinocytotic vesicles approximated that of the controls.
Discussion
The activities of the 3 phosphatases we examined is considered to be related to a derangement of the control of transport by the tumor vessels.25' In creased AlPase activity, on the other hand, has also been observed in blood vessels permeable to plasma tracers in both experimental31' and human 31,32) brain tumors. This increase may be related to increased transmission across the vessel wall.28) In our study, the extent of AlPase reactivity was so variable among the tumor vessels that we could not determine whether the vascular enzyme activity had, on the whole, increased or decreased.
5'-N is known to be a marker enzyme of plasma membranes .31) This enzyme participates in the dephosphorylation of adenosine-5'-monophosphate and its cellular uptake.3' In the central nervous system, 5'-N is thought to play an important role in the control of the permeability of capillaries, i.e., the maintenance of the BBB.33,36' In human brain tissue adjacent to meningiomas, however, vascular 5'-N activity was shown not to be related to the vascular permeability of sodium fluorescein.12) In human gliomas, Bots'' found that 5'-N activity had ceased in the endothelial cells and considered that this might reflect a disturbed BBB function. In our investiga tion, 5'-N was less active in tumor vessels than in con trol brain vessels.
There are several kinds of ATPase, and they have different functions .21 Our study involved demonstra tion of 19' which is located on the plasma membrane, takes part in the hydrolysis of ATPase and is believed to participate in active, energy-consuming transport systems.") Ultrastruc tural studies of cerebral vessels revealed that ATPase activity is localized in the basement membrane of capillaries of the cerebral cortex, and that little or no activity occurs in non-BBB vessels, such as those in the choroid plexus, pineal gland, and area postrema. 33, 34 Torack et al.33 .34 theorized that ATPase within the vascular wall might have a function in the control of transport across the capillary walls, though some investigators 12' doubt that this enzyme participates in such transport.
There are few reports on ATPase activity in human brain tumor vessels. Increased enzyme activ ity in the vascular endothelium was demonstrated in human gliomas by light microscopy.'' O'Connor and Laws,25' on the other hand, pointed out that enzyme activity in the vascular wall tends to slacken with in creasing malignancy.
Ultrastructural investigation also demonstrated weak ATPase activity in human brain tumor vessels.2J In our study, ATPase activity was generally low in the tumor vessels, and the reaction products tended to accumulate on the abluminal, rather than on the luminal, surface of the endothelial cells. Capillary functions, including ac tive, energy-consuming transport, might have been altered in the tumor vessels.
Biochemical and ultracytochemical studies on cerebral capillaries have revealed that the luminal and abluminal plasma membranes of endothelial cells are functionally different.',',") The 3 membrane enzymes that we examined showed aberrant patterns of distribution, in the transplanted brain tumor, on the luminal and abluminal plasma membranes of en dothelial cells. It has been suggested that redistribu tion of endothelial membrane enzymes after BBB damage results from membrane flow caused by exten sive formation of pinocytotic vesicles and channel like structures in the affected endothelial cells.37' Although the pinocytotic vesicles in the endothelial cells of both normal cerebral and tumor microvessels were reactive to all 3 enzymes, the number of reactive pinocytotic vesicles was not increased in the tumor vessels.
Endothelial tight junctions are responsible for maintaining the BBB. 4, 14, 23, 30) This junctional ap paratus is also, it has been postulated, responsible for limiting the lateral diffusion of proteins floating in the endothelial plasma membrane and for main taining the polar distribution of endothelial mem brane enzymes.') In human and experimental brain tumors, tight junctions are often disrupted and occa sionally are completely separated from the adjacent endothelial cells.8,'4,23> Since the normal restriction of membrane enzyme diffusion may become inoperative after disruption of the endothelial tight junctions,2y' the redistribution of the enzymes that we observed may have been caused by these junctional changes in the tumor vessels. The reaction products of the en dothelial membrane enzymes, however, were not evenly distributed between the luminal and ablumi nal plasma membranes, and the degree of change in the distribution of enzyme activity was different for each enzyme. These phenomena may be partly due to differences in mobility of each enzyme within the plasma membrane.
It may be reasonable to interpret the redistribution of vascular endothelial enzymes in these transplanted brain tumors as partly a result of the disruption of en dothelial tight junctions23,26> and of endothelial pinocytotic activity. 
